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Thermally induced crystallization processes for amorphous GeSn thin films with Sn concentrations
beyond the solubility limit of the bulk crystal Ge-Sn binary system have been examined by X-ray
photoelectron spectroscopy, grazing incidence X-ray diffraction, and (scanning) transmission elec-
tron microscopy. We paid special attention to the behavior of Sn before and after recrystallization.
In the as-deposited specimens, Sn atoms were homogeneously distributed in an amorphous matrix.
Prior to crystallization, an amorphous-to-amorphous phase transformation associated with the rear-
rangement of Sn atoms was observed during heat treatment; this transformation is reversible with
respect to temperature. Remarkable recrystallization occurred at temperatures above 400 C, and
Sn atoms were ejected from the crystallized GeSn matrix. The segregation of Sn became more pro-
nounced with increasing annealing temperature, and the ejected Sn existed as a liquid phase. It was
found that the molten Sn remains as a supercooled liquid below the eutectic temperature of the Ge-
Sn binary system during the cooling process, and finally, b-Sn precipitates were formed at ambient
temperature. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4973121]
I. INTRODUCTION
Because of its tunable band gap and high carrier mobil-
ity, germanium-tin (GeSn) is a promising material for
extending the applicable fields of current silicon-based elec-
tronic device technologies.1 In addition, the lattice parameter
of the material can be controlled by Sn doping, which is use-
ful for strain engineering applications.2 Controlling the Sn
concentration in a wide range is of technological importance
for obtaining desirable material properties. However, the sol-
ubility limit of Sn in bulk crystalline Ge is very small (1.1
at. % at 400 C), according to the phase diagram of the Ge-
Sn binary system.3 Much effort has been devoted to enhanc-
ing the Sn concentration incorporated into the Ge matrix.
Solid phase recrystallization from the amorphous phase is
one of the possible ways to produce Ge containing a large
amount of Sn.4,5 In fact, polycrystalline GeSn thin films with
Sn concentrations beyond the solubility limit have been real-
ized using this technique.6–8
Polycrystalline GeSn thin films grown on an insulator
are anticipated as an alternative to polycrystalline Si films,
which are currently utilized as a channel material for thin
film transistors (TFTs). Amorphous GeSn recrystallizes at
a lower temperature than amorphous Si because of its low
eutectic temperature (231.1 C); consequently, low-temperature
fabrication of TFT products can be established. For TFT
applications, it is important to enhance thermal conductivity
to avoid self-heating9 and to realize high carrier mobility for
fast response. We have recently examined the electrical and
thermal properties of polycrystalline GeSn thin films grown
on SiO2 and demonstrated their potential capabilities as a
high-performance TFT channel material.10 We also found
that the carrier mobility and density suddenly change
between 460 C and 480 C. This alteration is strongly corre-
lated with Sn segregation from the matrix; therefore, under-
standing the Sn behavior during thermal annealing is
technologically important for controlling the physical prop-
erties of the materials. However, previous studies were per-
formed using ex-situ techniques, and direct observations of
crystallization processes have never been performed.
In the present study, we examined the structural changes
of amorphous GeSn as well as the behavior of Sn during
thermal annealing using a variety of characterization techni-
ques. In addition, the Sn behavior at temperatures above the
eutectic point of the Ge-Sn binary system was directly
observed by in-situ transmission electron microscopy (TEM)
using a heating holder.
II. EXPERIMENTAL PROCEDURES
Amorphous GeSn thin films with a thickness of
100 nm were deposited on a sputtered SiO2/Si substrate at
10 C using molecular beam deposition. Ge (99.99%) and
Sn (99.99%) were evaporated from separate effusion cells in
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an ultrahigh vacuum chamber at a base pressure of 2.6
 108Pa; molecular beam pressures of 2.1 105Pa and
3.6 106Pa were used for Ge and Sn, respectively. From
Rutherford backscattering spectroscopy, the composition of
the thin film was estimated to be 13.8 at. %Sn. The as-
deposited specimens were annealed via halogen lamp heating
at 350–520 C in N2 gas for 30min. The sample preparation
techniques are described elsewhere.10
The as-deposited and annealed specimens were charac-
terized by X-ray photoelectron spectroscopy (XPS), grazing
incidence X-ray diffraction (GIXRD), transmission electron
microscopy (TEM), and scanning transmission electron
microscopy (STEM). XPS analyses were performed using a
Kratos AXIS Ultra DLD. Monochromatic Al-Ka X-rays
(1486.7 eV) were used to obtain the core level spectra of the
specimens. To remove the oxide layer and contamination of
the surface, XPS measurements were performed after Ar ion
sputtering for 1min. GIXRD measurements were carried out
on a Rigaku SmartLab X-ray diffractometer using Cu-Ka
radiation at 40 kV and 30mA, and the incident angle of
X-rays was set to x¼ 0.5. Cross-sectional specimens for
TEM observations were prepared by a combination of
mechanical polishing and ion thinning. TEM observations
were performed using a JEOL JEM-3000F, while a JEM-
ARM200F was utilized for elemental mapping. Both the
facilities were operated at 200 kV.
Amorphous materials are not completely disordered but
possess a certain order at the atomic scale, so-called short-
range order. The short-range ordered state can be character-
ized by atomic pair-distribution functions, in which the
atomic configurations are described by the probability of
finding another atom at a distance between r and rþ dr from
a specific atom.11 To obtain atomic pair-distribution func-
tions, a quantitative analysis of electron diffraction intensi-
ties is required. In the present study, electron diffraction
patterns were recorded on imaging plates and the intensities
of the halo rings were digitized quantitatively using an imag-
ing plate processor, DITABIS Micron. The detailed proce-
dures for atomic pair-distribution analysis are described
elsewhere.12–17
III. RESULTS AND DISCUSSION
A. Structure of as-deposited GeSn thin films
Figure 1(a) shows a cross-sectional bright-field TEM
image of the as-deposited GeSn thin film. No remarkable dif-
fraction contrast resulting from crystallites or compositional
fluctuation exists in the film. Indeed, halo rings are observed
in the electron diffraction pattern taken from the thin film
(inset of Fig. 1(a)), and the high-resolution TEM image
shows a typical salt-and-pepper contrast (Fig. 1(b)): the
as-deposited specimen possesses an amorphous structure.
Energy-dispersive X-ray spectroscopy (EDX) analysis of
Fig. 1(c) reveals the existence of Sn, and the average Sn
composition was estimated to be 10.6 at. %, which is almost
comparable to the concentration estimated by Rutherford
backscattering spectroscopy. This value is much larger than
the solubility limit of Sn in crystalline Ge (1.1 at. % at
400 C).3 The high-angle annular dark-field (HAADF) image
of Fig. 1(d) shows no contrast fluctuation, except that result-
ing from the thickness difference along the direction of the
incident electron beam. This suggests that Sn atoms are
homogeneously distributed in the specimen.
B. Compositional changes during thermal annealing
Figure 2(a) shows the XPS profile of the as-deposited
GeSn thin film in the energy range from 0 to 1200 eV. Sn seg-
regation at both the surface and interface became more pro-
nounced with increasing annealing temperature. We confirmed
that the surface layer is oxidized, and therefore the XPS spec-
tra were obtained from the inside of the thin film after remov-
ing the oxide layer by sputtering. All the peaks are assigned to
Sn, Ge, and Auger spectra, and the lack of a peak associated
with carbon (e.g., C 1s: 285 eV) suggests no remarkable con-
tamination. The Ge 3d and Sn 3d core-level XPS spectra
obtained from as-deposited specimens and those annealed at
500 C are shown in Figs. 2(b) and 2(c), respectively. Signals
appear at 29.2 eV for Ge 3d and 484.9 eV for Sn 3d5/2, and
others resulting from oxidation (i.e., 486.7 eV for SnO2 and
32.5 eV for GeO2) are absent (or very weak): pure GeSn thin
films were successfully formed in the present study. Similar
Sn 3d core-level XPS spectra were also reported for high-
quality Ge0.83Sn0.17 produced by Lei et al.
18 Sn concentration
as a function of annealing temperature is shown in Fig. 2(d).
FIG. 1. Cross-sectional observations of as-deposited GeSn thin film on
SiO2. (a) Bright-field TEM images and electron diffraction pattern, (b) high-
resolution TEM image, (c) EDX spectrum, and (d) HAADF-STEM image.
The diffraction pattern shows halo rings, and the high-resolution TEM image
reveals a typical salt-and-pepper contrast, indicating that the as-deposited
thin film is amorphous. The Sn concentration estimated by EDX spectra is
10.6 at. %, and the HAADF-STEM image reveals no remarkable phase sepa-
ration in the specimen. In (c), the peak of molybdenum comes from a molyb-
denum mesh supporting the TEM specimen.
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The accuracy of atomic concentration estimated by XPS is
5%; therefore, only the qualitative trends can be discussed
here. The specimens were annealed above 350 C for crystalli-
zation. This temperature is much higher than the eutectic tem-
perature of the Ge-Sn binary system; therefore, significant
reduction of Sn concentration was expected. However, the Sn
concentration slightly decreases after thermal annealing, and it
was found that most of the Sn atoms remain in the thin films.
Figure 3(a) shows GIXRD profiles obtained from the
as-deposited and annealed specimens. Broad peaks from an
amorphous structure are observed in the as-deposited speci-
men, in agreement with TEM results described above. Most
of the amorphous structure remains in the specimen annealed
at 350 C, whereas a remarkable crystallization occurs at
>400 C. The strong peaks present at 2h¼27, 45, and
53 can be indexed to 111, 220, and 311 Bragg reflections
of GeSn with a diamond structure, as reported previously.10
The magnified profiles around the 111 reflection are shown
in Fig. 3(b). Because of the improvement of the crystallinity
and the increase in the crystal size, the peaks become sharper
with increasing annealing temperature. The peak position
shifts to the higher-angle side with thermal annealing, indi-
cating a reduction of the lattice constant. The inset of
Fig. 3(a) shows the lattice parameter obtained from the dif-
ferent Bragg peaks. The values extracted from the 111, 220,
and 311 reflections are not consistent, suggesting the exis-
tence of lattice distortion in GeSn. The distortion decreases
with increasing annealing temperature. The lattice contrast
estimated from the 111 peak location is as follows: 0.577 nm
for specimens annealed at 400 C, 0.574 nm for 450 C,
0.572 nm for 475 C, and 0.568 nm for 500 C.10 These val-
ues are larger than that of Ge (0.5658 nm), suggesting the
incorporation of Sn into the Ge matrix. The reduction of the
lattice constant with increasing annealing temperature sug-
gests the ejection of Sn atoms from Ge. In the diamond struc-
ture, planar defects are preferentially introduced on the (111)
plane. In this case, the spacing of the (111) planes is main-
tained as compared to other planes; therefore, we estimated
the substitutional Sn concentration using the 111 reflection.
FIG. 2. (a) Overview XPS spectra of the as-deposited GeSn thin film. (b)
Core-level XPS spectra of (b) Ge 3d and (c) Sn 3d obtained from as-deposited
GeSn specimens and those annealed at 500 C. (d) Sn concentration as a func-
tion of annealing temperature. Neither remarkable oxidation nor contamina-
tion occurs during sample preparation.
FIG. 3. GIXRD profiles of the crystallized GeSn thin films as a function of
annealing temperature. (a) Overview profiles ranging from 2h¼ 28 to 65
and (b) magnified image of the 111 reflection. Strong peaks are indexed to
111, 220, and 311 Bragg reflections of GeSn with a diamond structure. In
addition to these peaks, peaks from b-Sn marked by triangles are observed
in the profile of GeSn annealed at 500 C. The peaks of GeSn become nar-
row and shift to the higher angle side with increasing annealing temperature.
The lattice parameters estimated from the 111, 220, and 311 reflections are
shown as an inset in (a).
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The resultant values are as follows: 13 at. %Sn for 400 C,
10 at.%Sn for 450 C, 7 at. %Sn for 450 C, and 3 at. %Sn
for 500 C. Here, Vegard’s law was applied, and the lattice
parameters of Ge and a-Sn are assumed to be 0.5658 nm and
0.6493 nm, respectively. Although the Sn concentration esti-
mated here includes some errors because of the deviation
from Vegard’s law,19 it was confirmed that our crystallized
GeSn thin films possess a Sn concentration beyond the solu-
bility limit of the bulk Ge-Sn binary system. Based on the
density functional theory, it has been reported that vacancies
are preferentially trapped with Sn atoms in Ge.20–23 In gen-
eral, amorphous materials contain free volumes,24–26 which
presumably causes the Sn-vacancy pairs. As a consequence,
substitutional Sn atoms, with a concentration that is much
higher than the solubility limit, are stabilized in the crystal-
line Ge matrix.
C. Structural changes during thermal annealing
The structural evolution of GeSn thin films during
thermal annealing was examined by cross-sectional TEM.
Figure 4 shows a series of bright-field images of GeSn as a
function of annealing temperature. From the diffraction con-
trast, it was found that some crystallization occurs at 350 C
(Fig. 4(a)), which is much lower than the crystallization tem-
perature of amorphous Ge.27 The grain size increases with ther-
mal annealing (Fig. 4(b), and, finally, the formation of voids
between the thin film and substrate is observed (Fig. 4(c)).
(The detailed structural changes in GeSn have been reported in
our previous study.10) In addition to the reflections associated
with GeSn with a diamond structure, some spots resulting from
segregated Sn (marked with arrows) are observed in the diffrac-
tion pattern of Fig. 4(c). High-resolution TEM observations
and nano-beam electron diffraction experiments reveal the for-
mation of b-Sn (Fig. 5). Indeed, the Bragg reflections associ-
ated with Sn precipitates are observed at 2h¼31 and 32
(marked with triangles in Fig. 3(a)) in the GIXRD profile of
GeSn annealed at 500 C. As described above, the present
specimens contain Sn atoms beyond the solubility limit of
FIG. 4. Structural evolution of GeSn thin films during thermal annealing: (a)
350 C, (b) 450 C, and (c) 500 C. Slight recrystallization is observed in (a),
and the grain size increases with thermal annealing. Bragg spots from b-Sn
indicated by arrows appear in the electron diffraction pattern of (c).
FIG. 5. High-resolution TEM image and electron diffraction pattern obtained
from a grain of GeSn annealed at 500 C. The atomic arrangement and dif-
fraction pattern are in agreement with those of b-Sn viewed along the [111]
direction.
FIG. 6. Plane-view bright-field TEM images and electron diffraction pat-
terns taken at various annealing temperatures: (a) 400 C, (b) 450 C, (c)
475 C, and (d) 500 C. In addition to the rings from GeSn with a diamond
structure, the reflections of b-Sn marked with arrows exist in the diffraction
patterns of (c) and (d).
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crystalline Ge. The excess Sn atoms are ejected from the matrix
with thermal annealing; consequently, the lattice parameter
decreases.
Figure 6 shows plane-view bright-field TEM images of
the specimens obtained at various annealing temperatures.
Diffraction contrast caused by grains is observed, and their
size increases with thermal annealing. Again, it was confirmed
that the spots of crystalline Sn, marked with arrows, appear in
the specimens annealed at 475 C (Fig. 6(c)) and 500 C
(Fig. 6(d)). It should be noted that the Sn crystallites were not
detected at 475 C in our previous cross-sectional TEM obser-
vations.10 The diffraction patterns were taken from a wider
region in plane-view specimens than in cross-sectional ones;
therefore, a small amount of Sn crystallites is successfully
detected in the present study. The bright-field images above
475 C contain Sn grains. To estimate the grain size of GeSn
only, plane-view dark-field TEM observations were per-
formed. Figure 7 shows dark-field images taken using the 111
reflection of GeSn. The GeSn grains are clearly observed as
the bright contrast. The inset is the histogram of the grain size
extracted from the dark-field image. Grain growth apparently
occurs with increasing annealing temperature. The average
grain sizes are as follows: 10 nm for 400 C, 12 nm for 450 C,
17 nm for 475 C, and 39 nm for 500 C.
To obtain information on the spatial distribution of Sn,
we performed HAADF-STEM observations and elemental
mapping of the GeSn thin film using STEM. Figure 8 shows
HAADF-STEM images and elemental maps of the crystal-
lized specimens at ((a)–(c)) 400 C, ((d)–(f)) 475 C, and
((g)–(i)) 500 C. The specimen annealed at 400 C shows a
homogeneous contrast in the HAADF-STEM image of Fig.
8(a), but a closer examination reveals a contrast fluctuation
(see the inset). The contrast of the HAADF-STEM image is
proportional to the square of the atomic number; therefore,
the contrast is presumably due to compositional fluctuation.
It is thought that the Sn-rich region acts as a nucleation site
for crystallites, and as a consequence, the crystallization tem-
perature becomes lower than that of amorphous Ge. The ele-
mental maps taken by the characteristic X-rays of Ge-L and
Sn-L lines reveal uniform elemental distribution (Figs. 8(b)
and 8(c)) because of their lower detection efficiency than
HAADF. Similar elemental maps are obtained for the speci-
men annealed at 475 C (Figs. 8(e) and 8(f)), but the bright
contrast from Sn precipitates is clearly observed in the
HAADF-STEM image of Fig. 8(d). It should be noted that
the Sn concentration becomes more pronounced at the inter-
face between the thin film and substrate. This is attributed to
the slight reduction in Sn concentration with thermal anneal-
ing, as detected by XPS analysis (Fig. 2(d)). A similar segre-
gation of Sn was also observed in GeSn thin films grown on
Si.28 Finally, a remarkable phase separation is detected in
specimens annealed at 500 C by the HAADF-STEM image
and elemental mapping (Figs. 8(g)–8(i)). We have recently
found that the Hall carrier mobility and concentration of
polycrystalline GeSn suddenly change between 460 and
480 C.10 On the basis of the HAADF-STEM and elemental
mapping results, this issue can be attributed to the remark-
able segregation of Sn atoms in the GeSn matrix. The bright
FIG. 7. Plane-view dark-field TEM
images and histograms of grain size as
a function of annealing temperature.
The 111 reflection of GeSn was used
for imaging. It is apparent that the grain
size increases with thermal annealing.
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contrast arising as a result of Sn segregation at the interface
becomes faint in Fig. 8(g). We confirmed that Sn atoms react
with Ge and O at the interface with increasing annealing
temperature, which presumably contributes to the disappear-
ance of the contrast at the interface.
D. In-situ observations of structural changes
The eutectic temperature of the Ge-Sn binary system is
231.1 C. Therefore, it is expected that the specimens are
partially melted under the present annealing conditions. To
clarify the behavior of Sn atoms, the annealing processes of
GeSn thin films were examined by in-situ TEM. Figure 9
shows the structural changes in GeSn during the heating pro-
cess. From the diffraction contrast in the bright-field image
and diffraction spots in the diffraction pattern, it was judged
that the amorphous GeSn thin film starts to crystallize at
350 C (Fig. 9(a)), in good agreement with ex-situ observa-
tions of Fig. 4(a). A ring pattern caused by crystallization
appears in the selected-area electron diffraction pattern of
Fig. 9(b), and the rings can be indexed to 111, 220, and 311
Bragg reflections of GeSn with a diamond structure. Note
that extra spots inside the first ring and between the first and
second rings are due to contamination during in-situ observa-
tions and therefore should be ignored. Further thermal
annealing induces grain growth, which is evident from the
discontinuity of rings in the diffraction pattern of Fig. 9(c).
In addition to the strong spots caused by GeSn crystallites, a
diffuse ring indicated by an arc can be observed in specimens
annealed at 500 C, suggesting the existence of a liquid
phase. No apparent Bragg spots from crystalline Sn are
observed in the diffraction patterns, suggesting that all the
segregated Sn exists as a liquid phase.
Structural evolution during the cooling process is shown
in Fig. 10. These bright-field images were taken from almost
the same region as in Fig. 9. As observed in Fig. 9(c), the
selected-area electron diffraction pattern recorded at 350 C
consists of discontinuous spot rings and a continuous diffuse
halo ring (Fig. 10(a)). The intensity of the halo ring increases
with cooling (Fig. 10(b)), corresponding to the development
of short-range order. Interestingly, the halo ring is observed
at 100 C (Fig. 10(c)), suggesting that the liquid phase
remains below the eutectic temperature of the Ge-Sn binary
system. The mechanism of stabilization of liquid Sn below
its melting temperature is not well understood yet, but it has
been reported that the eutectic point of alloy nanoparticles
can be suppressed much faster than the melting point of pure
components with decreasing particle size.29 Based on this
result, we speculate that a small amount of Ge atoms is
incorporated in the segregated Sn.
The diffraction spots from Sn are not observed in Figs.
10(a)–10(c), while they appear after cooling to room temper-
ature (Fig. 10(d)). The formation of Sn crystallites is in
agreement with the results of ex-situ observations described
FIG. 8. HAADF-STEM images and ele-
mental maps of GeSn annealed at the fol-
lowing temperatures: ((a)–(c)) 400 C,
((d)–(f)) 475 C, and ((g)–(i)) 500 C.
For the elemental mapping, the charac-
teristic X-rays of Ge-L and Sn-L were
used. It is apparent that the Sn segrega-
tion occurs at 475 C and becomes more
pronounced with increasing annealing
temperature.
FIG. 9. In-situ TEM observations on structural evolution of GeSn during the
heating process. (a) 350 C, (b) 450 C, and (c) 500 C. The GeSn thin film
starts to crystallize at 350 C, in agreement with ex-situ TEM results. The
grains grow with thermal annealing. It should be noted that a halo ring exists
in the diffraction pattern of (c), indicating the existence of molten Sn.
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above. Figure 10(e) shows a dark-field image taken using
the Bragg spot of b-Sn, and the Sn precipitate is clearly
observed. The region corresponding to Sn becomes dark in
the bright-field image at room temperature (Fig. 10(d)),
while the contrast is weak in Fig. 10(c). (Note that a faint dif-
fraction contrast probably originates from the matrix over-
lapped with the precipitates.) This indicates the melting of
Sn at 100 C, consistent with the electron diffraction results.
To examine the structural changes in amorphous GeSn
during thermal annealing, an atomic pair-distribution func-
tion analysis was performed by the quantitative analysis of
nano-beam electron diffraction intensities taken by a conver-
gent beam with a diameter of 20 nm. Figure 11(a) shows
the reduced interference functions, F(Q), of amorphous
GeSn obtained by in-situ observations. Very weak intensity
profiles up to scattering angles as high as Q¼ 220 nm1 are
recorded well above the background intensity level of the
imaging plate. (The scattering vector is defined as Q¼ 2p/
d¼ 4psinh/k, where h is the half-scattering angle, k is the
electron wavelength, and 1/d is the distance in the
reciprocal-lattice space.) The intensity of the first peak at
20 nm1 suddenly decreases at 250 C during the heating
process, while it increases at 250 C during the cooling pro-
cess. The diffraction intensities are affected by the atomic
configuration; therefore, a change suggests the occurrence of
structural alterations in amorphous networks.
By Fourier transforming the F(Q), atomic pair-distribution
functions, g(r), as a function of annealing temperature were
obtained (Fig. 11(b)). Interatomic distances in Ge (lattice
parameter: a¼ 0.5658 nm) and a-Sn (a¼ 0.6493 nm) are
indicated by thick and dotted lines, respectively. Broken
lines indicate the Ge-Sn bond length, extracted by averaging
the atomic distance of Ge-Ge and Sn-Sn in the diamond
structure. For comparison, the interatomic distances in b-Sn
(a¼ 0.5832 nm, c¼ 0.3181 nm) are also indicated by thin
lines. Prominent first and second peaks appear at 0.25 and
0.40 nm, respectively, which correspond to the Ge-Ge atomic
distance. This result is reasonable because Ge is a dominant
element in the present specimens. The first peak has a tail in
the high-r region, suggesting the formation of Ge-Sn and Sn-
Sn atomic pairs. It should be noted that small humps exist
between the first and second peaks (0.31 nm), and they are
attributed to b-Sn-like bonds.
A notable change is observed in the second coordination
shell at annealing temperatures above the eutectic point. The
peak corresponding to the Ge-Ge correlation decreases, and
as a consequence, the second peak becomes flat. We have
recently examined structural changes in amorphous Ge using
atomic pair-distribution function analysis and found that
only a change in the peak height occurs.30,31 On the other
hand, the peak shape corresponding to the second nearest
neighbors is drastically changed in Fig. 11(b). Such a change
is not observed in amorphous Ge; therefore, it is concluded
that the second nearest neighbor Ge atoms were replaced by
Sn atoms above the eutectic temperature. The second coordi-
nation shell returns to its original shape at nearly eutectic
temperatures during cooling. In contrast to the crystallized
GeSn, a supercooled state was not confirmed. This means
that an amorphous-to-amorphous phase transformation asso-
ciated with the rearrangement of Sn atoms occurs prior to
crystallization, and the structural changes in amorphous net-
works are reversible with respect to temperature. It should be
noted that the humps between the first and second main
peaks decrease in the g(r) obtained after thermal annealing.
The Sn atoms segregate to the surface and interface in
annealed GeSn thin films, as described above. Atomic pair-
distribution functions were obtained from the central region
of the thin film, confirming that the decrease in the humps is
consistent with the reduction of Sn concentration.
To confirm the validity of the present in-situ results, we
also examined the amorphous structures of GeSn by ex-situ
TEM observations. Figure 12 shows atomic pair-distribution
functions of as-deposited specimens and those annealed at
350 C. These profiles were extracted from the diffraction
patterns recorded at room temperature. It should be noted
FIG. 10. In-situ TEM observations of structural evolution of GeSn during
the cooling process. (a) 350 C, (b) 180 C, (c) 100 C, and (d) room temper-
ature. (e) Dark-field TEM image taken at room temperature using the Bragg
spot of b-Sn. A halo ring exists in the diffraction pattern in (a-c), indicating
the existence of molten Sn.
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that the peak height is affected by the specimen thickness
along the electron incidence direction, and therefore only the
peak position can be discussed here. The electron diffraction
patterns are taken under nearly parallel beam conditions;
therefore, the spatial resolution of Fig. 12 is better than that
of Fig. 11(b). As a consequence, the peaks from b-Sn-like
atomic pairs are clearly separated in the profile of the as-
deposited specimen. The features of the g(r) are in good
agreement with those of the g(r) obtained at room tempera-
ture in Fig. 11(b), suggesting that the present in-situ results
reproduce the actual structural changes during thermal
annealing.
IV. CONCLUSIONS
We prepared amorphous GeSn thin films with Sn con-
centrations beyond the solubility limit of the bulk Ge-Sn
binary system and examined the behavior of Sn atoms during
thermal annealing using XPS, GIXRD, and (S)TEM. In the
as-deposited specimens, Sn atoms were homogeneously dis-
tributed in the amorphous matrix. Most of the Sn atoms
remain after thermal annealing, although the annealing tem-
perature is much higher than the eutectic point of the Ge-Sn
binary system. An amorphous-to-amorphous phase transfor-
mation resulting from the rearrangement of Sn atoms at the
second coordination shell occurred between 200 C and
250 C. The GeSn thin film started to crystallize at 350 C,
and remarkable recrystallization occurred at temperatures
above 400 C. With increasing annealing temperature, Sn
atoms were ejected from the crystallized GeSn matrix and a
significant Sn segregation was detected in the specimen
annealed at >475 C. The specimens were partially melted
because of the aggregation of Sn atoms. It was found that
the molten Sn remains below the eutectic temperature dur-
ing the cooling process. The formation of the supercooled
liquid is attributed to the slight incorporation of Ge atoms
in Sn. Finally, the molten Sn transformed to b-Sn at ambi-
ent temperature.
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